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We propose that interstellar extreme scattering events, usually observed as pulsar scintillations,
may be caused by a coherent agent rather than the usually assumed turbulence of H2 clouds. We
find that the penetration of a flux of ionizing, positively charged strangelets or quark nuggets into
a dense interstellar hydrogen cloud may produce ionization trails. Depending on the specific nature
and energy of the incoming droplets, diffusive propagation or even capture in the cloud are possible.
As a result, enhanced electron densities may form and constitute a lens-like scattering screen for
radio pulsars and possibly for quasars.
A variety of scintillation phenomena observed from
pulsars and quasars require interstellar scattering screens
that contain compact regions of high electron density.
These include quasar Extreme Scattering Events (ESE)
[1, 2], pulsar parabolic arcs [3, 4] and Galactic Center
scattering of OH maser sources [5, 6]. Many of these
phenomena, in particular the ESEs, require enhanced
electron density regions of A.U. size (∼ 1.5 × 1013 cm).
The overpressure P/kB ≈ 10
6−108Kcm−3, as estimated
from typical temperatures T ∼ 104K and particle densi-
ties n ∼ 102−104 cm−3, is difficult to explain in any con-
ventional scattering screens embedded in dense molecular
H2 clouds. The only plausible environment where such
pressures might be attained would be in the dense cloud
cores (cf. the compact ionized cloud model developed by
Walker [7, 8]). The required source properties in this lat-
ter model require a significant mass in extremely dense
cold gas clumps to source the ionized gas. The stabil-
ity of such cold clumps is questionable, although exotic
models have been proposed [9].
There is some direct evidence that the ionized clouds
are highly elongated [10]. It is an already well-known
fact that plasma lenses result from electron (over-) under-
densities. Electron over-densities result in a faster phase
velocity, corresponding to a concave (divergent) optical
lens, while under-densities are associated with a conver-
gent lens [11]. Quantitative lens models for the ESEs [7]
estimate electron column densities Ne ∼ 10
15 cm−2.
Here we are interested in estimating the effect of the
enhancement of the electron column density on A.U.
scales as a result of the formation of ionized trails in
H2 (molecular) and HI (atomic) hydrogen clouds caused
by an external agent. We propose a mechanism that pro-
vides an alternative to postulating the existence of con-
troversial clumps of dense molecular hydrogen, and natu-
rally generates pervasive ionized trails in dense interstel-
lar cloud cores. Our model invokes strangelets [12] (also
known as nuclearites), finite droplets of quark matter
with non-zero strangeness fraction and slightly charged.
They are currently being searched on earth [13] as final
products in heavy ion collisions, with the ALICE exper-
iment at the LHC, in the CDMSII, under the form of
light ionizing particles, or in the AMS-02 mission. It is
expected that these quark droplets can be naturally gen-
erated by a series of different astrophysical events where a
nucleon-quark deconfinement transition may take place,
e.g. neutron star (NS) collisions, NS or black hole com-
bined binary mergers or in NS to quark star (QS) con-
versions. This latter process may be induced by internal
heating due to dark matter annihilations [14] (under the
assumption of a Majorana particle candidate) and even
leave observable traces in the pulsar distribution [15] or
in the emission of very short gamma ray bursts (GRBs)
with typical time scales T90 <∼ 0.1 s [16] detectable with
modern projected missions [17]. Due to the large gravita-
tional and nuclear binding energies released in the tran-
sitioning process, a mass ejection episode is expected,
possibly seeding the interstellar medium with a fraction
of strangeness-carrying lumps of matter formed during
the phase of nucleon deconfinement. Energetics show
that the measured short GRBs isotropic equivalent pho-
ton emission value Eγ iso ∼ 10
48− 1052 erg is compatible
with relativistic mass ejecta Mej <∼ 10
−4M⊙ able to con-
sistently produce observable gamma rays. It has been
actually proposed that quark matter droplets might par-
tially populate cosmic ray (CR) primaries (see e.g. [18–
20]).
In this context, let us consider a cloud of mixtured
H2 and HI. Typical ionization reactions are of the form,
X+H2 → X+H
+
2 +e
−, or X+HI→ X+H++e−, where
X is the incoming charged strangelet. In addition, elec-
tron capture by the positively charged strangelet could
be, in principle, possible [21]. The energy needed to ion-
ize a hydrogen atom (molecule), initially in the ground
2state is I(HI) = 13.6 eV (I(H2) = 15.6 eV). In astro-
physical CGS units a more practical conversion factor
1 eV = 1.62 × 10−12 erg is used. The dimensions of the
molecular cloud (MC) vary but the denser regions with
n ∼ 104÷5 cm−3 are typically less than ∼ 1 pc. Assuming
for the cloud core RC ∼ 0.1 pc ∼ 3 × 10
17 cm, then the
core volume is VC ≈ 4piR
3
C/3 ≃ 1.1 × 10
53 cm3. Taking
in the cloud core n0 ∼ 10
4 cm−3, the number of particle
species (HI, protons, electrons) is accordingly given by
n0VC ≃ 1.1 ×10
57. In addition, non-vanishing magnetic
fields are expected in the MC and can be parametrized
[22] as B ∼ 100( n104 cm−3 )
1/2 µG. In general, other ion-
izing agents, such as CRs can cause ionization of H2 or
HI with a rate ξHI ∼ 10−15 s−1 [23] or ξH2 ∼ 10−17 s−1
[24]. A more exotic flux of potentially ionizing electri-
cally charged strangelets through the cloud will depend,
on the one hand, on the time and spatial distribution of
their astrophysical sources (besides a possible primordial
background) and, on the other hand, on their peculiar
nature.
We will consider a simplified model with emission of
lumps of baryonic number A and mass mA <∼ AmN,
where mN is the nucleon mass. The detailed mass for-
mula can be obtained from existing calculations [21].
The strangelet number production rate in the astrophys-
ical ith-process will be given by dNA,i/dt = ηiM˙ej,i/mA.
M˙ej,i is the mass rate and ηi is the efficiency of strangelet
ejection for the ith-process involved, respectively. For
example, for NS collisions it is expected that Mej ∼
(10−5 − 10−2)M⊙ while in a NS merger the mass ejec-
tion is Mej ∼ (5 × 10
−4 − 7 × 10−3)M⊙ for equal-mass
binaries with total mass m = 2.7M⊙ [25]. In a NS to
QS transition capable of emitting a GRB, it is expected
that Mej <∼ 10
−4M⊙. According to [16] the rate of these
transitions is RNS−QS ≃ (8 × 10
−4 − 3 × 10−3)RSNtII
being RSNtII ≃ 10
−2 yr−1 the rate of type II supernovae
in our galaxy.
Having enumerated the possible processes that may
constitute a source of the strangelet flux, for the rest of
this work for practical purposes we will consider a generic
source where the deconfinement transition can take place
with galactic appearance rate R = R¯ ≃ 10−5 yr−1 and
ejected mass Mej = M¯ej ≃ 10
−5M⊙. The ejected mass
rate is then M˙ej = RMej ≃ 10
−10M⊙ yr
−1. Since the
efficiency of strangelet production depends on the so far
unknown details of the engine model, we will consider
that only a small fraction η ∼ 10−2 is ejected under exotic
form [16]. Nevertheless, strangelets should be emitted
with A-values larger than a critical stability value [26],
A > Amin ≃ 10
1− 102 so that they can possibly decay to
the lightest energetically stable Amin-species.
The peculiar nature of the quark droplets is highly
uncertain but it is usually assumed that their charge is
small and distributed positively on the surface [18]. For
ordinary strangelets Z ≃ A1/3 [27] while for CFL (color-
flavour-locked) strangelets Z ≃ 0.3A2/3. Even smaller
charge-to-mass ratios are energetically possible for in-
termediate masses, A ∼ 102 − 1018, assuming a strong
coupling αS = 0.9 [28]. For example, for A ≃ 10
9,
Z/A ≃ 10−4 while larger strangelets A ≃ 1018 have
Z/A ≃ 10−7 − 10−3 and even Z/A < 0. In this work
we constrain strangelets to have Z ≥ 1.
To estimate the strangelet production number rate we
are going to consider scintillation from a galactic emitting
generic source located at a distance dSO <∼ 10 kpc from
an observer. As an example, pulsar simulations yield
a spatial distribution peaking about galactocentric radii
∼ 5 kpc and vanishing beyond ∼12 kpc [29]. We will also
discuss the effect from a possibly nearby pulsating source
[30] [31] at dSO ∼ 600 pc. Then, the A-sized strangelet
number galactic prodution rate at the generic source is
given by
dNA
dt
= 2×1045
( η
0.01
)( M˙ej
10−10M⊙ yr−1
)
fS(Z, β)
A
yr−1.
(1)
It is expected that a possible emission distribution func-
tion at the source fS(Z, β) can modulate this rate. We
will not consider this refinement here, and in what follows
we will assume fS(Z, β) ∼ 1.
Due to the fact that strangelets are electrically charged
they will diffuse in the magnetized medium and the
effective distance traveled over the rectilinear distance
ds, is obtained as l(ds) = d
2
sc/(2D) in a correspond-
ing diffusive time tdiff ∼ l(ds)/c. For the diffusion co-
efficient, D, in the galactic halo we take [32] D(E) =
1.33× 1028Hkpc[E/(3ZGeV)]
1/3 cm2 s−1, where Hkpc ≡
H/(1 kpc) is its height. In the MC larger values of
the magnetic field are assumed and following [33], we
take DMC(E) ≃ 1.7× 10
27[E/(ZGeV)]1/2[B/10µG]−1/2
cm2 s−1 with an averaged value over the MC of B ∼
10µG.
Typically, the strangelet ejection energy at a transi-
tioning source allows Lorentz factors bounded by a sat-
uration value, γ <∼ γsat with γsat ∼ 20 − 1000 [16]. Cor-
respondingly, the kinetic energy is T ∼ (γ − 1)AGeV/c2
so that we will assume T ∼ AT0 ∼ ATeV droplets with a
moderate A >∼ Amin and Z charge. In such scenario and
in the universe lifetime, τu, Nτu ∼ Rτu ∼ 10
5 sources
could be expected at dSO <∼ 10 kpc. In that case the
unscreened diffusive flux is F ≃ F0Nτu and
F0 ≃
dNA
dt
1
4pil(dSO)2
∼ 2.3×10−16Z−2/3A−1/3 cm−2sr−1s−1.
(2)
We must note, however, that some sources may be closer
than the assumed ∼ 10 kpc. In the case that dSO ∼
600 pc [30] then there are additional volume
V600 pc
V10 kpc
∼
2.1 × 10−4 and distance
(
l(10 kpc)
l(600 pc)
)2
∼ 7.7 × 104 factors
yielding an estimate one order of magnitude larger than
3previous value (we have roughly assumed averaged source
distribution in the halo).
As a comparison, for strangelets being currently
searched in neutrino telescopes on earth, there is a lower
limit A >∼ 10
13, our estimates yield in that case F ∼
1.1 × 10−15 cm−2sr−1s−1. We will restrict to Z = 1,
A ∼ 103 droplets but larger A are allowed if they are
less energetic remaining below observational CR bounds
∼ 1020 eV. If the source is nearby by chance there are
presently competitive limits from experiments such as
ANTARES [34], who report a testing capability flux
FANTARES ∼ 2 × 10
−14 cm−2sr−1s−1 for A >∼ 10
13,
or IceCube-22, who report FIC22 ∼ 10
−18 cm−2sr−1s−1
for A >∼ 10
17 nuclearites [35]. It is however uncertain
whether such large-A droplets can arrive on earth with-
out suffering spallation or decay processes [20].
Once the nuclearites are produced it may happen that
their diffusive trajectories intersect with a MC. These are
accumulated in the midplane of the galactic disk although
we suppose that may also be present at higher latitudes.
If the Larmor radius is comparable to the typical co-
herence length of the galactic magnetic field, rL <∼ lc,
lc = 10− 100 pc [36], then a strangelet will suffer an ac-
cumulated deflection that can be estimated from random
walk approximation as,
θ(T ) ≃ 5.4◦
(
lc
100 pc
dSC
10 kpc
)1/2(
Z/A
10−7
)(
B
1µG
)(
1TeV
T
)
.
(3)
Thus, propagation effects in the galaxy or MC for mod-
erate Z/A will not make possible to determine the line-
of-sight direction to a distant emitting source.
In this scenario one can estimate NCA , the effec-
tive number of ionizing A−sized strangelets traversing
the MC core in its lifetime, τC ∼ 10
7 yr, as NCA ≃
ηΩpiR
2
C
∫ τC
0
Fdt. Since beaming is observed in some very
short GRBs (expected in this scenario [16]) with open-
ing angle θj ∼ 1
◦ − 30◦, an efficiency factor ηΩ ≃
4pi
Ω ∼
1 − cos θj has been introduced. Due to the deflection
effects we expect typically ηΩ ≃ 0.1 − 1. Using values
dSC ∼ dSO ∼ 10 kpc then
NCA ≃ 2×10
38A−1/3Z−2/3
(
ηΩ
0.1
)(
RC
0.1 pc
10 kpc
dSC
)2(
τC
107 yr
)
.
(4)
If closer sources are considered [30] then the MC would
be illuminated, effectively, by an order of magnitude
larger amount of particles as discussed previously and
even higher if the source was inside the MC [20].
As the slightly charged and heavy strangelet traverses
the MC with a diffusive behaviour, continuously loses ki-
netic energy. Strangelets of net effective charge Z1 may
alter the cloud ionization fraction either by ionizing hy-
drogen or capturing electrons so that they change its own
incident state of charge, as measured for massive ions on
gas [37]. For low velocities (β = v/c) this may be im-
portant as it diminishes the ionizing power from the bare
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FIG. 1. Logarithm of the kinetic energy loss rate in the cloud
as a function of the logarithm of the incoming (A = 103)
strangelet kinetic energy per baryon number. Several charge
states are shown and a CR proton case with Z = 1 is depicted
for comparison.
charge Z to an effective Z1 = Z(1− e
−(0.95β/αZ2/3) [38].
Interaction in the cloud may arise due to a variety of
processes [28][21]. The strangelet (kinetic) energy loss
per unit length due to ionization and pion production
can be obtained from the stopping power dTdx =
dT
dt
1
βc . At
lower energies, ionization is the most important process,
and for an incoming particle with effective charge Z1 and
velocity β the energy loss rate reads [39]
dT
dt
= −1.82×10−3
( n
104 cm−3
)
[Z21Ψ(Z, β)+Ξ(A, β)] eV/s,
(5)
where
Ψ(Z, β) =
[1 + 0.0185 ln(β)θ(β − β0)]
β30 + 2β
3
2β2, (6)
and
Ξ(A, β) = 0.72A0.53γ1.28θ(γ − 1.3), (7)
θ(x) is the Heaviside function, γ−1 =
√
1− β2 and
β0 = 0.01 is the electron orbital velocity. This func-
tion is shown in Fig. 1 versus the strangelet kinetic en-
ergy per baryon number for an A = 103 case. Different
amounts of charge Z/A = 5 10−3 (solid), ordinary (dot-
ted) and CFL (dot-dashed line) strangelets and a CR
proton case (dashed line) have been considered. For rel-
ativistic strangelets most of the energy is kinetic and they
show an enhanced ionizing power with respect to the lin-
ear case and a change in slope around T/A ∼ 500 MeV,
due to pion production, for larger energies.
To estimate the hydrogen ionization rate by
strangelets, we consider the number density of old NSs in
our galaxy assuming N8 ∼ 10
8 NSs in a halo radius ∼ 10
kpc. This yields noldNS ∼
108
(10 kpc)3 ∼ 10
−4pc−3. Note
that MC density is nMC ∼ 10
−6 pc−3. In the lifetime
of the MC from a rate of conversions R ∼ 10−5yr−1 the
conversion fraction is fconv = τCR/N8 ∼ 10
−6. There-
fore conversions are rare non-repeating events as natu-
rally arises in this scenario.
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FIG. 2. Logarithm of the strangelet range in the cloud as a
function of the logarithm of the incoming kinetic energy per
baryon number. See text for details.
Having estimated the incoming strangelet flux at dis-
tance dSC and the effective number of strangelets travers-
ing the core, NCA , the injection rate, S, must take into ac-
count the fewer conversions in the MC lifetime S ∼ F
NτC
Nτu
where NτC = RτC .
As the rate depends on the nature and energetics
of the droplet it thus influences the strangelet density
in the MC. For example, taking a diffussion escape
time for a ∼few TeV/A strangelet entering the MC,
tdiff ∼ l(RC)/c ∼ 0.027 (Z/A)
1/2 yr. In that case the
strangelet number density in the MC is nA ≃ StdiffR
−1
C ∼
6.5 × 10−26Z−1/6A−5/6cm−3. As we have seen in Fig. 2
some lumps may be captured in the MC lifetime and in
that case nA would be a factor τC/tdiff larger. For mod-
erate A lumps, these values are much lower than the CR
density at the low-energy break in the spectrum of Galac-
tic CRs at ∼ 1 GeV, computed from the CR flux FCR ∼
104m−2 s−1 sr−1 or nCR ∼ 3 10
−11 cm−3 [40] and at ∼ 1
TeV, FCR ∼ 10
−1m−2 s−1 sr−1 , nCR ∼ 3 10
−16 cm−3.
The hydrogen ionization rate due to strangelets ζHA
averaged over the MC, is now estimated to be ζHA =
|dT/dt|nA〈I〉
−1n−1, per H atom. Assuming 〈I〉 ≃ 36 eV
per H ionization and heavy strangelets with γ ∼ 103 then
ζHA = 1.2× 10
−25[Z1.83A−5/6 + 5× 103A−1/3Z−1/6] s−1.
The strangelet mean free path or average range can be
calculated as R ∼
∫
dT
(
dT
dx
)−1
. If strangelets have
charge Z > 1 their range will be smaller since they pro-
vide a more efficient ionization. In Fig. 2 we show the
logarithm of the strangelet range in the cloud (in A. U.)
as a function of the logarithm of the incoming kinetic
energy per baryon number. We consider a proton CR
case Z = 1, ordinary and CFL strangelets with A = 102
and A = 106 respectively, and larger strangelets with
A = 1013 and A = 1018 with Z/A = 10−7. As seen the
cloud can effectively stop the very heavy nuggets while
this is not possible for the smaller droplets even at lower
kinetic energies.
Once the cloud core is populated with trails of HII (ion-
ized hydrogen), this region contains H+ ions that tend to
recombine radiatively as H+ + e− → H + hν. The bal-
ance between ionization and recombination determines
the ionized fraction. To estimate the possibility of a net
ionization in the HI cloud one must compare the ioniza-
tion and recombination times, τioniz and τrec respectively,
so that τioniz <∼ τrec. If recombination is slower, there
would be a net amount of ionized HI in the cloud to cause
an electron density enhancement. In addition, there
might be a fraction of net charge due to the accumulation
of positively charged lumps stopped by the cloud. The
recombination time, τrec, is calculated in the on the spot
approximation as τrec = 1/neα
(2) = 3.85× 1012n−1e T
0.8
4 s
where we take T4 = T/10
4 K and ne is the electron num-
ber density. We estimate the average ionization time
from the average number of ionizations in the cloud life-
time as τioniz ≃ τC/N
C
A . Since τioniz << τrec then it
is indeed possible to obtain net ionization. The ioniza-
tion of interest for the ESEs occurs along the trajectory,
that spans the MC, but only over a trajectory width
given by the product of hydrogen recombination time
and sound speed, cs ∼ 13T
1/2
4 km s
−1, namely at T = T4
h ∼ csα
−1n−1 ∼ 33.3/n4A.U., where n4 =
n
104 cm−3 .
Therefore the local ionization rate is increased by a fac-
tor ∼ (RC/h)
2 ∼ 3.6 × 105 n24 at TeV energies. The
condition t−1rec = αne = ζ
H
A yields an electron density
of ne ∼ 8.4 × 10
−4A−1/3Z−1/6n4 cm
−3. Typical ESE
events have been argued to be explained by localized and
dense plasma structures [41] of length comparable to trail
widths of h ∼ 1.7 × (10−4− 10−3)RC ∼ 5× (10
13− 1014)
cm for densities n4 = 10− 1 typical in dense cores. The
enhancement in the column density coming from the ion-
ization produced by the incoming particles is estimated
as ∆Ne =
∫
ne(s)ds. Then for a typical heavy species
with energies of TeV that is stopped in the cloud the ac-
cumulated enhancement over the cloud lifetime for n4 =
1 − 10 is ∆Ne ≃ neRC ∼ 8.4 × 10
−4A−1/3Z−1/6n4 3 ×
1017 cm ∼ 2.5× 1014÷15A−1/3Z−1/6 cm−2 as required by
these scattering events.
We have shown that pulsar scintillations may be caused
by an ionization agent constituted by positively charged
lumps of strange matter. Typical obtained over-densities
in electron column densities are compatible with those
of quantitative ESE models. Compact A. U. sized re-
gions are involved in the geometry of these events. Since
these quark nuggets remain to be experimentally discov-
ered further work is needed to experimentally confirm
this theoretical scenario.
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